Sample sizes as small as 1 g can be used and the frequency can be continuously swept over a range of at least 100 MHz in searching for new resonances. Spectrometers incorporating these oscillators have been used under conditions of automatic gain control, sideband suppression and automatic frequency calibration, and can thereby be made to function as routine search instruments.
Introduction
The direct detection of nuclear quadrupole resonance (NQR) signals requires variable-frequency RF spectrometers capable of maintaining high sensitivity over a wide frequency range (Smith 1977) . The total frequency span is at least eight octaves-from 5 to over 1OOOMHz. Below 100MHz, instruments based on super-regenerative oscillators have been used with considerable success (Das and Hahn 1958) , and it is possible to incorporate automatic gain control (AGC), frequency calibration and suppression of unwanted sidebands with little if any deterioration in sensitivity over the frequency range from 5 to 100MHz (Smith and Tong 1968) . These features have also been recently added to a modified transmission line system based on lumped-circuit elements, capable of working in the super-regenerative mode up to 300 MHz; complex electronic problems are encountered in maintaining full sensitivity, particularly above 200 MHz (Carter et a1 1974), although these can be overcome by careful attention to design (Butcher 1976, unpublished) . Some of these difficulties are common to other types of variable-frequency spectrometer operating from 200 to 1000 MHz. Cornwell 1959) super-regenerative and marginal oscillator (La Force 1961) spectrometers, but sliding contact problems limit the frequency range that can be swept continuously. RF bridges incorporating coaxial cavities (Kesselring and Gautschi 1967, Gottlieb et al 1972) achieve high sensitivity at the expense of a very limited tuning range. Similar comments apply to pulsed RF spectrometers (Gushkin et a1 1969 , Ignatov et a1 1975 , Lenk 1975 ; complex control circuits are required to maintain high sensitivity over a reasonable frequency range (Pavlov and Semin 1975) .
Some of these problems can in principle be overcome by the use of the butterfly type of lumped-constant tunable oscillator circuit developed by Karplus, Sinclair and Peterson (Reich 1965) . Nuclear quadrupole resonance signals were first detected on a butterfly super-regenerative oscillator by Casabella (1956) , who reported a strong 75As signal in As203 at 116 MHz; however, he was unable to detect any signals at higher frequencies. In this paper, we give details of the construction and performance of super-regenerative butterfly oscillators capable of detecting NQR signals between 200 and 650 MHz at high sensitivity and with AGC and automatic frequency calibration (Smith and Tong 1968) .
Principles
In the butterfly type of tuning capacitor (figures 1 and 2), a specially shaped rotor moves between two sets of stator plates, the two capacitances being in series with each other (Karplus 1945) . The inductance is largely contained in two stacks of metal strips which join the two parts of the stator. As the resonant frequency is increased by anticlockwise rotation of the rotor plates with respect to the stator in figure 1, the former move into the region in which the magnetic fields due to RF currents in the inductance arms are localised. Because of eddy-current shielding, the RF magnetic fields are largely confined to this region and to the circumferential gaps between the rotor plates and inductance arms, the total volume of which diminishes as the resonant frequency increases. The consequence is that both capacitance C and inductance L decrease as the rotor is moved anticlockwise, enabling much higher frequencies to be reached than in a normal capacitor, in which the constant self-inductance limits the highest frequency obtainable. In a butterfly capacitor, the maximum impedance at all frequencies is developed across the points X and Y in figure 1 ; as a result of the increasing eddy-current loss, the equivalent series resistance R rises as the rotor is turned to high frequencies, and this, together with the diminution in inductance, maintains the resonant impedance approximately constant over the tuning range. A typical resonant impedance is about SO 000 Q. The unloaded Q factor (wL/R) decreases as the resonant frequency is increased, since LlR falls more rapidly than w rises, and typical butterflies have values in the range from 1000 to 200, although the loaded Q may be considerably less than this. In any case, such values are less than those of well designed coaxial resonators (Kesselring and Gautschi 1967) .
In a true butterfly, with two sets of inductance arms, the inductance (in pH) at the low-frequency end of the range is approximately given by (Karplus 1945) L=0.00106 Rs In _ _ -( E; 2') where h and w are the height and the width of the inductance arms (figure 1). The capacitance can be calculated by conventional methods. The inductance at the high-frequency end is more difficult to estimate; experimental determinations of the ratio of the high-frequency to the low-frequency inductance range between 2 and 4. Hence the actual oscillation frequencies (and the frequency range) of a butterfly can be changed either by altering Rs, and hence the overall diameter of the capacitor, or by changing the stack height h (it is usually impractical to vary the spacing between the plates to any appreciable extent). Increasing the stack height usually lowers the lowfrequency limit, as the maximum capacitance rises more rapidly than the inductance falls; the same is true of the diameter Rs since both capacitance and inductance (at the low-frequency limit) increase approximately as Rs2, whereas the tuning range is proportional only to the first power. There is, however, a limit to which these factors can be varied. As the stack height is increased, spurious responses or 'holes' are more likely to occur. These are an unfortunate feature of butterfly circuits and arise mainly from spurious resonances of the capacitive reactance of the butterfly with the inductance of the external leads or other connections, which causeasudden drop in the resonant impedance or change in the feedback conditions and hence a cessation of oscillations over a limited frequency range. They may often be shifted outside the main tuning range of the butterfly by e.g. fixing short-circuiting straps at the ends of the rotor plates (figure 2). True butterfly capacitors based on the above principles can be made to oscillate over frequency ranges of typically 3 : 1 to 5 : 1 between 100 and 1000 MHz. As oscillators for the excitation and detection of nuclear quadrupole resonance signals, they have several advantages over transmission-line circuits.
(1) No sliding contacts are required; the only moving element is the rotor, which is 'floating' but approximately at ground potential in a symmetrical or true butterfly and so carries negligible RF current through the bearings to earth. (2) Only one tuning element is involved, namely that of the rotational motion of the rotor which can span a frequency range of at least 3 : 1. Furthermore, the resonator is sufficiently like a lumped circuit that mode changing is unlikely to occur. On the other hand, this can be a serious problem in transmission-line oscillators, which usually require both anode and cathode tuning elements to be tracked, if they are to tune over a sufficiently wide frequency range. (3) The maximum impedance is developed across the points X and Y in figure 1, which are relatively accessible to direct low-inductance connections to the valve. (4) The tuning element, the butterfly capacitor itself, is relatively small, i.e. a diameter Rs of 90 mm is sufficient to maintain oscillations down to 100 MHz, thus avoiding the necessity for awkward 4'4 transmission lines, often 500-800 mm long.
In contrast, coaxial-line oscillators can be designed to have high effective Q factors (Kesselring and Gautschi 1967), they can be easily frequency-modulated (Casabella 1956 ) and a ground-plane design allows easy connection to a sample coil which can be immersed in a Dewar for variable-temperature work. However, in practice, the impedance of any coil above 400 MHz becomes so large that little RF power reaches the sample.
Design and performance
Two butterfly capacitors were used in this work, based on well established design principles (Reich 1965) . Their dimensions are given in table 1, which also refers to figures 1 and 2. Both rotor and stator were fabricated from brass, which should be silver-plated for optimum performance.? The rotor plates were shaped so as to give an approximately semilogarithmic frequency variation with rotation; this changes some of the electrical characteristics of the capacitor and reduces its tuning range with respect to butterflies with circular-section plates, but the latter is more than adequate for t Very similar capacitors may be found in the now obsolete ANIAPR-4 receiver system, the TN18/APR-4 plug-in for which tunes between 300 and 1000 MHz.
6* satisfactory frequency searching. The oscillators consisted of a butterfly capacitor and high-frequency triode connected together in a modified Colpitts circuit; the inter-electrode capacitances of the valve determine the conditions for satisfactory oscillation. Since these varied from butterfly A to butterfly B, the two oscillators tested in this work will now be discussed separately.
3.1 Super-regeneratiue oscillator using butterfly A The objective of the design was to produce a butterfly oscillator working between 200 and 550 MHz capable of being quenched and at the same time able to accept automatic gain control, sideband suppression, and automatic frequency calibration in a manner which has already worked successfully in more conventional oscillator systems (Smith and Tong 1968, Carter et al 1974) . One circuit which has given a satisfactory performance (with no 'holes') over the frequency range from 200 to nearly 500 MHz is shown in figure 3 . The butterfly capacitor A was inserted in the anode-grid circuit of a DET22 disc-sealed triode which was strapped across the points X and Y in figure 1 by means of two metal arms. The anode cap was clamped into a brass block to provide an efficient heat sink, whilst the grid disc connection was made through phosphor-bronze fingers soldered into a brass ring. The 'flexible' connection to the grid allowed for thermal expansion and a small degree of self-alignment. The plate supply connection from a Farnell E350 power supply (stability 0.1 %) was made to the centre of one of the inductance arms, which is the point in a true butterfly which is closest to ground potential, the RF by-pass capacitor (100 pF) consisting of a 30 mm diameter metal plate separated from the shielding box by a thin mica washer. The grid-blocking capacitor (about 30 pF) was made an integral part of the grid connection and consisted of an air space between the top of the stator stack and the bottom of the grid arm. To form an oscillator, the cathode connection of the valve requires an inductive impedance to earth at radio frequencies, with a low DC resistance. Since one heater connection is common with the cathode, the other heater lead also requires an inductance close to the valve. The connections to the coaxial cathode and heater leads were both made with phosphor-bronze spring fingers soldered into brass rings. To control the anode current of the valve, automatic grid bias was provided by means of a 56 Q resistor in the cathode circuit, adequately decoupled. The valve heater was driven from a Weir Multireg DC power supply, adjusted to give the correct voltage on the valve pins allowing for voltage drop in the RF chokes. The grid leak resistor was used to introduce the external quench voltage via a DC amplifier, and the mean level, together with the automatic grid bias, controlled the valve operating point. In this circuit, the inter-electrode capacitances of the valve form the main feedback network, and it is found in practice (Reich 1965 ) that a grid-to-cathode capacitance C , , closely equal to the anode-to-cathode capacitance Cac produces efficient oscillation over the widest frequency range. The DET22 valve, for which Cgc = 2 pF and Cac = 0.02 pF, is not satisfactory in this respect. The very low Cac is a fundamental property of valves designed for 'grid separation' circuits. External added capacitance cannot be relied upon to rectify this problem, as associated stray inductances cause resonances at spot frequencies which give rise to 'holes' in the oscillator range. In spite of a natural resonant frequency of 2000 MHz, the DET22 valve failed to oscillate above 550 MHz with the small butterfly capacitor. This was thought to be due partially to the unfavourable ratio of Cgc to Cac and partially to the relatively massive valve connection required for the DET22. The strays from the latter limit the minimum inductance and capacitance attainable at the butterfly capacitor.
This circuit could be externally quenched over the whole of its operating frequency range; with C=5.6pF in figure 3, quench pulse repetition frequencies of 50 kHz (10 V) were used below 300 MHz, rising to 125 kHz above 300 MHz and 250 kHz (14 V) above 370 MHz. It will be observed that the optimum quench voltage, as measured at the grid of the valve (with the valve switched off) rises from 10 to 14 V over the whole frequency range; that is, the circuit is easier to quench at low operating frequencies. However, at any value between 10 and 14 V, it is possible to sweep the oscillator over a range of at least 100 MHz and maintain automatic coherence control by adjustment of the quench waveform (Smith and Tong 1968) . This is in marked contrast to the behaviour of externally quenched transmission-line systems, in which the anode and cathode lines, the anode potential, and quench voltage and frequency must all be separately adjusted to obtain the optimum performance at any one frequency. The observed variation in the power spectrum of the oscillator at 350 MHz with varying coherence is shown in figures 4(a), (b) and (c) at a constant quench frequency of 125 kHz; figure 4 (b) represents the usual operating point. The frequency stability of the oscillator was at least k 100 kHz over a period of 4-5 h.
Satisfactory quenching conditions and frequency stability having been established, the next stage was to transform the oscillator into a super-regenerative nuclear quadrupole resonance spectrometer with automatic frequency calibration. The output to the detector and audio amplifier stages was taken by means of a small loop of wire placed close to one of the stators (near the sample in figure 2), direct connection to the oscillator circuit being unnecessary. Bisymmetric frequency modulation could be applied by a varying 50 Hz voltage applied to varactor diodes connected to the grid arm of the butterfly oscillator, and Zeeman modulation by passing 50 Hz current through coils wound outside the oscillator shielding box. The whole spectrometer was constructed to interface directly with a Decca MW 318 control unit, which provided the quench pulses, automatic coherence control, sideband suppression and frequency calibration unit. To feed the latter, a loop aerial inside the oscillator box was connected to a Decca wide-range preamplifier which had 18dB gain over the frequency range 1-1000 MHz with -20dB reverse isolation. The sample of volume 2 cm3 was placed in a standard 10 mm diameter glass phial which sat in the radial gap of the butterfly Butterflv oscillators .for nuclear qrradrupole resonarice close to the stator arms (see figure 2 ). Its precise position in this gap was not important, but the one illustrated in figure 2 offered no restriction on the tuning range of the butterfly with the shape of rotor blade selected; even with the rotor blades free of the stator, a gap of 15 mm remained between the stator and rotor stacks. With an HT voltage of 350 V to the DET22 and a valve current varying between 15 and 25 mA, the power used was 7-8 W (maximum rating 10 W).
Under these conditions, strong 79, RIBr and lZ71 quadrupole resonance signals could be detected in 2 g samples of a variety ot' organic bromine and iodine compounds at room temperature between 221.4 MHz (RIBr in p-bromophenol) and 331.3 MHz (1271 in iodine). As an example, figure 5 shows the 1Z7I resonance in p-iodophenol recorded by means of Zeeman modulation at 50 Hz followed by phase-sensitive detection; the sweep rate using a Halstrup motor and gearbox was 250 kHz min-' and the time constant on the recorder channel was 3 s. Figure 6 shows the RlBr, 79Br resonances in p-bromophenol recorded under similar conditions but at a faster sweep rate; reasonable gain control was maintained over the whole frequency range of 50 MHz, and the marker spacings showed a regular logarithmic trend with chart displacement. These signal-to-noise ratios are comparable with those observed under similar conditions in transmission-line systems (Carter et a f 1974) , and demonstrate clearly that a super-regenerative butterfly oscillator functions satisfactorily as a detector of nuclear quadrupole resonance signals. In all these examples, the quench sidebands were very much smaller than the fundamental and there was no need to use sideband suppression except where a weak line lay close to a strong one.
There are reasons to suppose that the performance of the instrument could be improved in some respects. Both frequency modulation and Zeeman modulation produced some spurious amplitude modulation of the oscillator, which in the latter case was small, and this could almost certainly be considerably reduced by methods already described in the literature (La Force 1961 , Dixon and Bloembergen 1964 , Caldwell 1973 . Also no attempt was made to increase the Zeeman field, which is less than that usually required to produce the best signal-to-noise ratio (5-10 mT). Spurious frequency modulation produced by AC ripple on the anode voltage supply or heater current was negligible. The signal strength increased with RF power, at least at room temperature, and it is therefore conceivable that the higher-power DET24 (20 W) would give even better signal-to-noise ratios.
No attempt was made to vary the temperature of the samples, but low temperatures are relatively easy to attain by the use of a finger Dewar around the sample: a maximum outer diameter of 15 mm is available in the larger butterfly, and little reduction in sample size would therefore be necessary to accommodate a satisfactory Dewar tail.
4 -125kHz k 5 0 k H z 3.2 Super-vegeneratioe oscillator using butterfly B The DET22 valve circuit could not, even after some modification, be made to oscillate above 550 MHz, for reasons that have been proposed earlier; we therefore designed a suitable circuit (figure 7) for a GEC A2521 UHF grounded-grid triode, which is a commercial version of the CV2453. It is claimed to he-a!ei function up to 1250 MHz, and has a very favourable ratio of anode-to-cathode and grid-to-cathode capacitances (Cgc = 3.5 pF, Cac = 5.1 pF). The valve has a B9A base, and all the grid pins (1, 3, 4, 6, 9) were connected together by means of thin brass sheet to reduce the lead inductance. The grid and anode were again strapped across the points of maximum impedance in the butterfly by means of brass arms, and a mica washer between the grid arm and the top of the stator stack provided the grid capacitance. The anode power supply was connected to the centre of one of the inductance arms, but the carbon resistor was replaced by a choke made of eight turns of 1 mm enamelled copper wire wound on a former of diameter 7 mm, so oriented as to minimise the coupling to the magnetic field of the butterfly capacitor. It was designed to be self-resonant below the lowest operating frequency of the oscillator, and identical chokes were placed in the two heater arms and the cathode line, which in this circuit were separated, and another was placed in the quench input. The latter also contains a grid bias line, so that the grid voltage moved between -3.5 and -4.7 V during the quenching cycle. Under these conditions, with an HT voltage of 200 V, the valve current was 11 mA indicating a maximum anode dissipation of 2.5 W. This circuit could be made to quench satisfactorily over the frequency range from 400 to 650 MHz and either it could be frequency-modulated (normal and bisymmetric) or Zeeman modulation could be supplied from coils wound outside the oscillator box. Spurious amplitude modulation again occurred, but was much less than in the first circuit. With a sample volume of about 1 cm3 and the same sample position as before, 1271 signals (k ++ I Q) could be detected in both p-diiodobenzene at 553.4 MHz and p-iodophenol near 541.5 MHz; in the latter (figure 8), the 12'1 doublet is clearly t'
I'
5Ll.25 MHz 5L2.50 MHz resolved as well as six to seven quench sidebands. The recording conditions for this spectrum were: quench frequency 125 kHz, normal frequency modulation at 50 Hz (depth 50 kHz) followed by phase-sensitive detection with a time constant of 3 s. The frequency marks are all doublets with a separation of 50 kHz, since normal frequency modulation was used with no sideband suppression. The sample weighed 1 g (compared with typical sample sizes of 10-20 g with parallelline oscillators (Harada ef a1 1974) ). The small sample size necessary to record satisfactory signals is clearly one of the major advantages in using butterfly capacitors as detectors of nuclear quadrupole resonance.
In the higher-frequency oscillator, however, 'holes' become an increasingly more serious problem as the frequency rises, and although the circuit illustrated in figure 7 can be made to oscillate to higher frequencies, the spurious resonances produced by the attachment of quench and detector circuits pose serious problems above 700 MHz. Another factor is the use of a circuit arrangement based more on convenience than on good design, in which RF chokes are incorporated into anode, quench, heater and cathode leads, contributing in no small measure to the spurious resonance problem. In future work, we plan to reduce the number of possible resonant circuits to the absolute minimum. The space available for the sample is also of necessity rather restricted particularly when a finger Dewar is to be used in variable-temperature studies. However, with more careful attention to design, it seems possible that super-regenerative butterfly oscillators could be made to function up to 1000 MHz, above which frequency the advantages of this type of circuit over a coaxial-or transmission-line system become less attractive.
